The crystalline inclusion of Bacillus thuringiensis, dissolved in 8 M urea containing 10% 2-mercaptoethanol and dialyzed to pH 8.3 to 8.5, was compared with a fraction obtained by the same extraction procedure from spores broken by dry rupture. The two fractions behaved similarly on chromatography with Sephadex G-100 and diethylaminoethyl cellulose. The preparations behaved identically on acrylamide gel electrophoresis at pH 12 and pH 9.5. Further, peptide maps of the two fractions obtained after digestion with trypsin were almost superimposable. Amino acid analyses of the crystal and spore fraction were closely similar; discrepancies are attributed to contamination of the spore extract with small amounts of other proteins. It is concluded that a significant portion of the spore protein is identical with the crystal protein.
In the preceding paper (2), the hypothesis was advanced that the parasporal crystal of Bacillus thuringiensis results from uncontrolled synthesis of some essential component of the endospore. Preliminary evidence, mainly immunological, was presented suggesting that the crystal and spore of B. thuringiensis var. alesti contain one or more proteins in common. The present studies were carried out with more definite biochemical procedures to test critically the indicated identity of spore and crystal protein and to arrive at some approximation of the levels of the possibly common components.
MATERIALS AND METHODS
Preparation of spores and crystals. A strain of B. thuringiensis var. alesti, resistant to penicillin and to streptomycin, was used in this investigation. The isolation of this strain, procedures for its maintenance and growth, and procedures for the separation and purification of spores and crystals have been described previously (2) . The spore and crystal preparations used for these studies were at least 99.5% pure in relation to one another, and their contamination with vegetative cells or with solubilized components of cells was below detectable levels (2) .
Extraction of spores and solubilization of crystals.
The detailed procedures for the preparation of phosphate-spore and urea-spore extracts have been given 1 Present address: Department of Bacteriology, University of California, Berkeley 94720. Crystals were dissolved directly in the urea-mercaptoethanol reagent and dialyzed as above. The small amount of insoluble material remaining after dialysis, which consisted almost entirely of contaminating spores, was removed by centrifugation.
Acrylamide-gel electrophoresis. Acrylamide-gel columns (7.5 or 5% acrylamide, final concentration) were prepared according to the method of Hjerten et al. (6) . No spacer or sample gels were used. The gels were polymerized in 0.375 M Tris-chloride (pH 8.3). Tris (0.05 M)-glycine (0.4 M) buffer (pH 9.3 to 9.5) was generally used for electrophoresis which was carried out for 40 to 60 min at room temperature with a current of 3 ma/tube. In some experiments, the gels were equilibrated with 0.01 N NaOH-0.05 M KCl buffer (pH 12) by electrophoresis at room temperature for 30 to 60 min at 3 ma/tube. When the pH 12 buffer was used, the apparatus was cooled with ice and electrophoresis of the sample was for 40 to 50 min at a current of 8 ma/tube.
The samples, initially in either 0.01 M Tris-chloride (pH 8.5) or in 0.01 M NaHCO3, were processed in one of three ways and then layered above the gels: (i) diluted with 60% sucrose (w/v) to a final concentration of 30 to 50%; (ii) diluted with 10 (8) , for 45 min. The electrophoresis was carried out at 2,500 v by use of a horizontal water-cooled apparatus similar to that described by Gross (5) . After drying, the sheets were stained by dipping in the ninhydrincollidine stain of Canfield and Anfinsen (1) , and the color was developed by heating at 70 C for 15 to 20 min.
Amino acid analysis. This was carried out in a Spinco amino acid analyzer by using standard procedures (17) . All hydrolyses were accomplished at 110 C in 6 N HCI in sealed, evacuated tubes with either lyophilized crystals and spores or extracts of spores which had been dialyzed exhaustively against distilled water and then lyophilized. The tryptophan content of solubilized crystal was determined by the procedure of Goodwin and Morton (4) .
Protein was determined by the method of Lowry et al. (13) with crystalline bovine serum albumin as a standard or from the ratio of absorbance, OD 280 nm: OD 260 nm (10 Sephadex filtration. Both the dissolved crystal and the urea extract of spores were excluded from Sephadex G-100 and G-200. The crystal solution, in 0.01 M Tris-chloride (pH 8.3 to 8.5), was excluded from G-100 under a variety of conditions, including the presence of Cleland's reagent (0.02% dithiothreitol), sodium dodecyl sulfate (0.1%), or 8 M urea. Filtration through G-100 was used to free the urea-spore extracts of small amounts of retained material of low molecular weight, and to remove a 260-nm absorbing fraction, which adsorbed to the gel and was eluted after the total volume of the packed column. Spore extracts purified in this way were used in the subsequent comparisons.
Disc electrophoresis. No stainable material entered the 7.5% gel from crystal or spore extracts which had received either no pretreatment (procedure i, above) or which had been treated with 8 M urea (procedure ii). At a gel concentration of 5%, both crystal solution and urea-spore (Fig. la) , although much of the protein was still excluded. Without the urea treatment, the band was very faint or absent. The material which entered the gel was extremely mobile, moving closely behind the band formed by a tracking dye (bromophenol blue). The band had the same mobility from both crystal and spore, and they coelectrophoresed when samples of both were applied to a single polyacrylamide column (Fig. la) .
Samples of crystal or spore protein dissociated with alkali (procedure iii) entered a 7.5% gel, and little or no stainable material remained at the gel surface after electrophoresis at pH 12. Both crystal and spore extracts consistently gave a major single band (Fig. lb) under these conditions, although other, much fainter, bands were observed in both preparations when the amount of protein applied to the column was relatively large (greater than 10 jig of protein).
It was difficult to obtain reproducible mobilities, probably because of the low buffering capacity of the liquid phase and the relatively high current used. Nevertheless, the major bands were indistinguishable when samples of both crystal and spore were electrophoresed on a single column (Fig. ib) performic acid was extensively hydrolyzed by the enzyme. When the course of hydrolysis was followed by the appearance of titratable acidity or of ninhydrin-positive material, the reaction was about 70% complete in 2 hr and complete after 8 to 10 hr.
The peptides formed from the crystal (about 2.5 mg, dry weight) were separated by twodimensional chromatography and electrophoresis. Although some material remained as a core at the origin, a distinctive map was formed (Fig.  2a) in which all of the ninhydrin-positive areas could be attributed to the crystal by comparison with a control in which trypsin had been incubated alone.
Digests of urea-spore preparations (after parallel incubation) consistently gave nearly identical fingerprints with crystal when examined by the two-dimensional system (Fig. 2b) . The spore map did show more streaking on the base line in the direction of electrophoresis. However, of the approximately 20 spots which could be clearly detected around the periphery of the crystal map, at least 16 were consistently present in the spore map and the others may have been present in small amounts. Some spots, notably the two farthest removed from the origin, varied considerably in intensity in different digests prepared from the same material. From the number of peptides observed and the arginine-lysine content, a molecular weight of the order of 30,000 can be calculated for the protein, assuming a single polypeptide chain.
Amino acid analyses. The relative amounts of the amino acids found in the dissolved crystal and spore extracts are presented in Table 1 . Calculation from the analysis shows that these amino acids account for 100.4% of the dry weight of the crystal taken for analysis. Other unidentified ninhydrin-positive compounds were detected in the hydrolysates of whole spores and phosphate extracts of spores but not in hydrolysates of urea-spore extracts. Because of the presence of contaminating compounds in these preparations, no attempt has been made to correlate the amino acid composition from spore extracts with dry weights. The amino acid composition of the crystal is strikingly similar to that of the urea extracts of spores and shows a marked parallel in the content of nearly all the individual amino acids. The composition of whole spores, although similar, is not nearly so close to that of the crystals, and that of the phosphate extract of spores differs markedly from both the crystal and the other spore preparations. 
DIscussioN
In this and the preceding paper (2), evidence has been presented supporting the relationship of the crystal to a protein fraction from broken spores of B. thuringiensis var. alesti. The solubilized crystal and the protein of the urea-mercaptoethanol extract of spores behave almost identically by all of the criteria used to assess their relationship. The crystal, dissolved in either alkali or urea-mercaptoethanol, and the corresponding alkali-or urea-spore extract show marked similarities in their solubilities as a function of pH (2) . In addition, crystal solution and spore extracts show homologous precipitin bands when examined by the Ouchterlony technique using rabbit antiserum prepared against alkalidissolved crystal protein (2) . The urea-spore extract and the urea-crystal solution behave almost identically on electrophoresis in acrylamide gel under two different sets of conditions. Further, peptide maps prepared of tryptic digests of the two preparations are almost superimposable and reproducibly so.
Although only sequence analysis can provide ultimate proof of identity, the results indicate that the crystal and urea-spore extract contain closely similar proteins. Further, the overall similarity of the amino acid analyses of the dissolved crystal and the urea-spore extract suggests an almost quantitative identity between them, and it seems reasonable to conclude that the two preparations are substantially the same. This portion of the spore has been shown (2) to comprise approximately 25%7, of the protein and about 12'C of the dry weight. About 50% of the spore protein remained as insoluble material after extraction with urea-mercaptoethanol and it is possible that this residue contains more of the shared material.
The two preparations may have components which are not common to both, because either solution could contain material which is not subject to tryptic digestion or material which does not enter acrylamide gel under any of the conditions used. Also, there are differences in their amino acid analyses, e.g., in their contents of glycine and alanine. These can be attributed to contamination of the urea-spore extract with other material, possibly from the exosporium. Alternatively, should the crystal have several polypeptide subunits (12), the spore extract and the crystal may contain different proportions of the shared components.
The protein of the crystal from B. thuringiensis var. thuringiensis has been dissociated almost entirely into a form of low molecular weight with a sedimentation coefficient of 0.83S, and has been shown to have several polypeptide chains by N-terminal analysis (12) . In the present work, results with acrylamide gel electrophoresis, at pH 12, indicate that the crystal (and spore) protein must have been dissociated into a fraction of low molecular weight. The observation that, at this pH, the bulk of the protein enters a 7.5% gel as a single band suggests that, if there are several components, they must have identical mobilities and, consequently, must be of similar size and charge. The entry of a band into 5% gel at pH 9.3, which is excluded from 7.5% gel under the same conditions, indicates a com-724 ponent of molecular weight of the order of 1 to 2 million. The presence of this band in gels from both spore and crystal suggests that, after dissociation with urea-mercaptoethanol and during the subsequent dialysis, a portion of the protein reaggregates to form an ordered or preferred polymer in a manner analogous to that shown to occur in the unfolding and reconstitution of ribonuclease (18) . Although The behavior of the protein on chromatography on DEAE cellulose and on Sephadex can also be attributed, at least in part, to aggregation. The results of chromatography on DEAE cellulose suggest that there may be several aggregates. Since the presence of nonprotein material in the spore extract could influence the character of the aggregates, differences in aggregation could account for the lack of extensive immunological homology between spore and crystal solutions (2) which is, as yet, unexplained.
The crystal protein appears to comprise a large fraction of the total protein of the spore, and, since it is absent from the vegetative cell, it is not unreasonable to assume that it contributes significantly to unique spore characteristics. The fact that sporulating acrystalliferous (sp+ cr-) mutant strains are common, and that sp-cr+ are extremely rare and show abortive sporulation (Somerville and Delafield, unpublished) suggests that the protein is indeed essential for sporulation and that crystal formation is closely linked to sporulation but not vice versa. The extreme insolubility of the crystal protein, its crystalline nature (7, 9) , and its relatively high content of hydrophobic amino acid residues point to a structural function for it in the spore, possibly as a major component of one (or more) of the spore coats. The protein might function similarly in accumulation of metals by the spore, a possibility suggested by its precipitation by divalent cations. The validity of these and other possible speculations remains to be shown. In any case, the data presented in this and in the preceding paper are consistent with the initial hypothesis that the formation of the crystal per se is a consequence of unregulated production of a normal spore protein.
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